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DETAILED MORPHOLOGICAL STUDY OF LAYER 2 AND LAYER 3 
PYRAMIDAL NEURONS IN THE ANTERIOR CINGULATE CORTEX 
OF THE RHESUS MONKEY 
JINGYI WANG 
ABSTRACT 
The anterior cingulate cortex (ACC) can influence emotional and motivational 
states in primates by its dense connections with many neocortical and subcortical regions. 
Pyramidal neurons serve as the basic building blocks of these neocortical circuits, which 
have been extensively studied in other brain regions, but their morphological and 
electrophysiological properties in the primate ACC are not well understood. In this study, 
we used whole-cell patch clamp and high-resolution laser scanning confocal microscopy 
to reveal the general electrophysiological properties and detailed morphological features 
of layer 2 and 3 pyramidal neurons in ACC (area 24/32) of the rhesus monkey. Neurons 
from both layers had similar passive membrane properties and action potential properties. 
Morphologically, dendrites of layer 3 ACC neurons were more complex than those of 
layer 2 neurons, by having dendrites with longer total dendritic lengths, more branch 
points and dendritic segments, spanning larger convex hull volumes. This difference in 
total dendritic morphology was mainly due to the apical dendrites. In contrast, the basal 
dendrites displayed mostly similar features between the two groups of neurons. However, 
while apical dendrites extend to the same layer (layer 1), the basal dendrites of layer 3 
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extended into deeper layers than layer 2 because of the difference in soma-pia distance. 
Thus, basal dendrites of the two groups of neurons receive different laminar inputs. 
Analysis of spines showed that more spines were found in neurons of layer 3 apical 
dendritic arbors than layer 2 neurons. However, the apical spine densities were similar 
between neurons in the two layers. Thus, while higher spine number suggests that layer 3 
neurons receive more excitatory input than layer 2 neurons, the similar spine density 
suggests similar spatial and temporal summation of these inputs. The combined effects of 
increased number of excitatory input and higher dendritic complexity in layer 3 than in 
layer 2 ACC neurons suggest the additional information received by layer 3 neurons, 
especially in the apical dendrites, might undergo more complex integration. 
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INTRODUCTION 
 
Function and organization of the anterior cingulate cortex 
The anterior cingulate cortex (ACC) is the brain area that occupies the medial 
wall of the prefrontal cortex, extending to the anterior part of the medial cingulate motor 
cortex. It contains Brodmann’s areas (BA) 24a, 24b, 24c, 25 and 32. In the human brain, 
the ACC can be divided into two main parts: the ventral (limbic) part (24a, 24b, and 25) 
and the dorsal (paralimbic) part (24c, 32) (Paus, 2001). The organization of the ACC in 
rhesus monkey is similar to human beings. In the monkey brain, ACC area 32 is located 
in front of the genu of the corpus callosum and beneath the genu of the corpus callosum 
is ACC area 25. The dorsal part of ACC contains area 24. Area 24 can be divided into 
BA24a/b, and BA24c. The BA24a/b occupies the wall of the cingulate gyrus, and BA24c 
is deeply buried in the cingulate sulcus (Walton et al., 2007) (Fig. 1).  
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Figure 1. Photomicrograph of the medial view of the rhesus monkey right cerebral 
hemisphere. The light purple color represents the ACC. The black block represents the 
ACC regions that were studied. Scale bar: 1cm; Abbreviations: Cg, cingulate sulcus; Ro, 
rostral sulcus. 
 
In the past decades, numerous functional studies have shown that the ACC serves 
an important role in many aspects of behavior, including motor function, cognition and 
arousal/drive state (Paus, 2001). The ACC also has a crucial role in emotions and 
long-term memory (Barbas & Blatt, 1995; Bush et al., 2000). All of the various functions 
of the ACC are due to its robust connections with different brain regions, namely the 
dorsolateral and orbital prefrontal cortices, auditory association cortex, motor-related 
cortices, and the limbic structures such as the hypothalamus, hippocampus and amygdala 
(Fig. 2) (Morecraft & Van Hoesen, 1998; Cavada et al.; Catani et al., 2012; Morecraft et 
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al., 2012). The vast connections of the ACC allow it to collect a wide range of 
information to guide decision-making. 
 
 
Figure 2. Scheme of brain regions connected with ACC. The dark orange color represents 
the anterior cingulate cortex (ACC). The other colored regions indicate the brain regions 
that have connections with the ACC. The color represents the function of the pathways, 
green represents autonomic and arousal functions, yellow represents memory and 
emotion, orange represents the emotional motor system, blue represents the areas most 
involved in higher order cognitive functions. A) Medial view. B) Lateral view. 
Abbreviations: A, amygdala; C, central sulcus; Cg, cingulate sulcus; dlPFC, dorsolateral 
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prefrontal cortex; En, entorhinal cortex; FP, frontal polar; H, hippocampus; Hyp, 
hypothalamus; Pons, Pons; Sp, spinal cord; STG, superior temporal gyrus; STS, superior 
temporal sulcus. 
The ACC connection with lateral prefrontal areas 
The robust connections have been shown between ACC and lateral prefrontal 
areas including dorsolateral prefrontal areas 46/9 (BA46/9) and frontopolar area 10 
(BA10)(Barbas, 1995). Theories have suggested that BA46/9 is involved in classic 
working memory that helps subjects hold information in their thoughts to use during a 
current task (Goldman-Rakic, 1995; Levy & Goldman-Rakic, 2000). On the other hand, 
BA10 is engaged during multi-task situations, which allow subjects to suspend one task 
and move on to another (Smith et al., 2007). The links between ACC and lateral 
prefrontal areas play an important role in cognitive control -- a comprehensive mental 
process in primate behavior, which broadly involves monitoring, integrating, and 
selecting information, and working memory for decision making (Fuster, 1993; Bush et 
al., 2000). Functional imaging studies are consistent with the anatomical evidence, which 
have shown that the ACC and the prefrontal cortices display co-activated increases in 
regional cerebral blood flow measured by positron emission tomography (PET) during 
cognitive tasks, (Paus et al., 1993). Even though the ACC and prefrontal cortices all play 
an important role in cognition, their functional significance in cognition are distinctive 
from one and another (Paus, 2001). The ACC is active during error-detection and conflict 
monitoring which is distinct from the lateral prefrontal areas (Goldman-Rakic, 1995; 
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Paus, 2001; Smith et al., 2007; Walton et al., 2007). The PET and functional magnetic 
resonance imaging (fMRI) studies have shown that the ACC is more involved in 
task-switching than dorsolateral prefrontal cortex; the former seems important in 
generating decisions and monitoring outcomes in uncertain environments, while the latter 
is more engaged in rule representing (Dove et al., 2000; Crone et al., 2006). Anatomic 
studies of the synapses show that the ACC sends large, synaptically-efficient, axon 
terminals to innervate inhibitory neurons in dorsolateral prefrontal areas, suggesting its 
role of suppressing noise and enhancing signals useful for cognitive tasks (Medalla & 
Barbas, 2009; 2010). 
The ACC connection with brain areas for emotional processing 
Emotions are also important for decision-making (Bechara et al., 2000). For 
example, a person tends to choose food or things that they “like” and are associated with 
happiness. The ACC is crucial to emotional integration due to its strong connections with 
limbic structures that mediate emotional processing (Barbas & De Olmos, 1990; 
Ghashghaei & Barbas, 2002; Rolls, 2013). These limbic structures include the amygdala, 
and hypothalamus for autonomic function and arousal (Barbas & De Olmos, 1990; 
Barbas et al., 2003). The studies have shown that the ACC participates in 
decision-making by encoding general task values and received rewards, which is 
abolished after deactivating ACC by injecting muscimol in monkeys (Amiez et al., 2006). 
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The ACC also has robust interconnection with orbitofrontal cortex (OFC), and 
both of them are activated under internal and external emotional stimuli in 
decision-making (Devinsky et al., 1995). The ACC connects to motor association 
cortices, such as hypothalamic autonomic centers, brainstem structures, motor cortices, 
and spinal cord (Morecraft & Van Hoesen, 1992; Alheid & Heimer, 1996; Morecraft et 
al., 2012), however the orbitofrontal cortex connects to sensory association cortices, such 
as olfactory areas, gustatory cortices, visceral related areas, somatosensory cortex, 
somatic sensory related areas, and visual related areas (Nieuwenhuys, 1996; Bush et al., 
2000; Barbas et al., 2003; Barbas et al., 2011). Thus, when comparing the function of 
orbitofrontal cortex with ACC in decision-making, it is thought that the ACC tends to 
monitor the outcome of the actions to guide the direction of the decision, and then 
generates action via the connection with motor cortical regions, and the OFC reinforces 
the decision by representing stimuli preferences and rewards (Rushworth et al., 2007; 
Walton et al., 2007).  
The ACC reciprocal connections with vast motor association cortices underlie its 
role in modulating emotional-motor system (Holstege et al., 1996). The motor modalities 
in the ACC related network are not constrained in cortical regions but also include 
subcortical regions, as noted above (Morecraft & Van Hoesen, 1992; Alheid & Heimer, 
1996; Morecraft et al., 2012). ACC electrical stimulation studies have shown changes in 
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autonomic responses such as heart rate, blood pressure, and respiratory rate associated 
with emotion (Kaada et al., 1949; Devinsky et al., 1995). Moreover, ACC lesion 
experiments have shown lack of emotional vocalization and facial expression indicating 
the role of ACC in emotional-motor control (Hadland et al., 2003).  
ACC connections with memory-related structures 
The numerous clinical cases and lesion experiments have shown that one of the 
most important brain regions involved in the long-term memory is the hippocampal 
formation (Zola-Morgan et al., 1986; Rempel-Clower et al., 1996; Andersen, 2007). In 
1937, James Papez proposed an important part of the hippocampal circuitry that links 
hippocampal information via the mammillothalamic tract to the anterior thalamic 
nucleus, which then project all the way to the anterior part of the cingulate cortex, 
indicating the presence of connection between ACC and memory storage center (Papez, 
1995; Vertes et al., 2001). Besides hippocampus, the ACC also connects to other 
temporal structures associated with the hippocampus. The reciprocal connections 
between the ACC and parahippocampal (TH and TF), entorhinal (BA28), perirhinal 
(BA35) cortices have been found in several macaque species (Insausti & Muñoz, 2001; 
Kondo et al., 2005; Bunce & Barbas, 2011). Moreover, clinical cases consistent with 
structural evidence have shown the memory-associated function of ACC. In human 
brains, blood supply to the medial prefrontal areas is provided by anterior communicating 
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artery. In clinical reports, anterograde amnesia occurs when this artery is blocked, 
indicating that ACC located in medial wall of the prefrontal cortex can influence memory 
(Talland et al., 1967). Thus, the close relationships between the ACC and the 
hippocampal formation underlies ACC’s significant role in long-term memory, but the 
way these brain regions mediate memory functions may be different (Barbas et al., 1999). 
For instance, Rolls and colleagues have found that the hippocampus and 
parahippocampal areas do not process the emotional value of stimuli. However, the 
emotional value of memories might be carried by the emotional part of the limbic system 
including the amygdala and ACC (Rolls, 2013).  
The ACC connection with auditory association cortices 
Apart from motor modalities represented in ACC, there is auditory sensory 
information represented in ACC (Barbas et al., 1999). Müller-Preuss and colleagues have 
shown that the superior temporal gyrus (STG) is suppressed when the electrical 
stimulations are performed in ACC (Müller-Preuss et al., 1980). This may be due to the 
connections between ACC and the anterior auditory association areas in the STG 
(Romanski & Averbeck, 2009). In daily life, it is important to select useful auditory 
stimuli and suppress the irrelevant information, since the ears receive vast amount of 
sounds without filtering. Studies have proposed that this ability is accomplished by the 
pathways from medial prefrontal cortices to auditory association cortex (Fritz et al., 2007; 
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Jääskeläinen et al., 2007). Studies have shown that almost all the medial prefrontal 
regions receive inputs from auditory associated cortices, (Barbas et al., 1999), and these 
connections are the strongest in the ACC and the frontopolar cortex (BA 10)(Barbas et 
al., 2005; Medalla et al., 2007).  
As described above the ACC connected to many the cortical areas, including the 
prefrontal, orbitofrontal, and auditory associated cortices and limbic structures, such as 
amygdala, hypothalamus, and thalamus underling its important role in cognition, 
emotion, long-term memory and controlling of autonomic system for arousal and drive 
(Paus, 2001). Besides that the ACC receives inputs from and sends output to subcortical 
regions, for example, basal ganglia, spinal cord, brainstem, indicating that the ACC is 
also involved in motor modulation (Morecraft et al., 2012). With many crucial functions, 
the ACC’s importance is without doubt, but how information is received in ACC and 
then how ACC neurons integrate these information is still unknown. Pyramidal neurons 
-- the projection neurons in cerebral cortex (White & Keller, 1989) -- are the basic unit 
that comprises the neural circuitries and allows long-range communication between brain 
structures. Thus, investigating morphological and physiological properties of pyramidal 
neuron is crucial to address how a cortical area functions. This study will focus on the 
key morphological features of layer 2 and 3 pyramidal neurons in the primate ACC.  
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The anatomy and function of pyramidal neurons  
Since Ramon y Cajal established the fundamental definition of the pyramidal 
neuron (DeFelipe, 2013), this type of neuron has been the focus of neuroscience research 
for decades. Functionally, the pyramidal neuron is the main projection neuron in the 
cerebral cortex, which establishes its important role for transporting information within 
microcircuits, cortico-subcortical and cortico-cortical connections (White & Keller, 
1989).  
The pyramidal neuron is one of the most important components of the cortical 
circuitry, and has a stereotypical morphology. It has a pyramidal-shaped soma, an apical 
dendrite and a skirt of basal dendrite. The apical dendrite arises from the upper pole of 
the soma and extends towards pia mater, with an apical tuft branching in layer 1. The 
main apical trunk branches off several dendrites along the way to layer 1 (oblique apical 
dendrites) and then gives off an elaborate apical tuft. From the base of the pyramidal 
neuron emanate several basal dendrites (mostly four or five), which are oriented more 
horizontally compared to the apical dendrite (Larkman, 1991; Bannister & Larkman, 
1995). A small number of pyramidal neurons have bifurcated apical tufts (Ito et al., 
1998), and a few pyramidal neurons located in layer 5 or layer 6 have apical dendrites 
which do not reach layer 1. The single axon of the pyramidal neuron always arises from 
the base of the soma and gives off collateral branches at right angles along the way to 
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postsynaptic targets. The main axon extends to exit the gray matter and travels through 
the white matter to project to other structures.  
Pyramidal neurons use their dendrites for receiving and integrating inputs and use 
their axons for sending output to targeted cortical and subcortical brain areas (DeFelipe 
& Fariñas, 1992). Studies have shown that the pyramidal neurons make up the largest 
population (70%-80%) of cells in the cerebral cortex compared to neocortical 
interneurons (20%-30%). Pyramidal neurons distribute widely throughout all cortical 
layers except layer 1, specifically in the supragranular layers 2-3 and the infragranular 
layers 5-6 (DeFelipe & Fariñas, 1992). The pyramidal neuron can be found in most 
mammalian forebrain structures, and is most abundant in cortex, but not in the olfactory 
bulb, the striatum, the midbrain, the hindbrain or the spinal cord (Pasik & Pasik, 2002; 
Spruston, 2008).  
Even though pyramidal neurons are stereotypical in certain features, detailed 
morphological and physiological studies have shown the intrinsic differences among 
pyramidal neurons in different locations (Mountcastle et al., 1969; Contreras, 2004). The 
location of a pyramidal neuron is determined by its soma. The dendritic arbor, dendritic 
length, packing density and the physiological capacity and response are different for 
populations of pyramidal neurons located in distinct layers (Larkman & Mason, 1990; 
Mason & Larkman, 1990). For instance, most pyramidal neurons in the upper layers 
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(2-3) are smaller than the large projection neurons in layer 5. These large layer 5 
pyramidal neurons project to subcortical structures, have large somata, dense apical tufts, 
and display burst firing after being stimulated (Mountcastle et al., 1969; Hallman et al., 
1988; Mason & Larkman, 1990). Apart from laminar differences, pyramidal neurons in 
different brain regions are also distinctive from each other, especially in dendritic 
morphology. Elston and colleagues have shown distinct morphology of pyramidal 
neurons among cortical areas, with basal dendrites increasing in complexity from striate 
visual area, through extrastraite inferior temporal cortex and prefrontal areas in monkeys 
(Elston et al., 1996; Elston, 2003; Elston et al., 2005). Luebke and colleagues also have 
shown differences between layer 3 pyramidal neurons located in primary visual cortex 
(V1) and dorsolateral prefrontal cortex (dlPFC). Morphologically, the pyramidal neurons 
in dlPFC have larger dendritic arbor and more dendritic spines than those in V1. 
Electrophysiologically, dlPFC neurons have lower input resistance, resting membrane 
potential and lower action potential firing rates, but higher amplitude of spontaneous 
postsynaptic current than V1 neurons (Amatrudo et al., 2012).  
 
Laminar pattern of connections in anterior cingulate cortex 
Laminar organization is a salient feature in neural circuitry. Layers in the cortex 
vary from three to six. In ACC, the granular layer (layer 4) is not well defined or absent, 
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but its layer 2 and 3 are distinguishable (Fig. 3)(Morecraft et al., 2012). In this study, I 
will focus on pyramidal neurons in layers 2 and 3.  
Laminar specific terminations 
The axons of pyramidal neurons from specific regions of the brain preferentially 
terminate in specific layers (Gilbert, 1983). This laminar organization is one of the 
important features in the neural circuitry, and has been shown in cat and monkey 
(Gilbert, 1983; Callaway, 1989). In the visual system, the upper layers 2 and 3 mostly 
participate in cortical-cortical connection, whereas layer 5 contains both reciprocal 
connections to different cortical regions and projects to subcortical structures such as 
superior colliculus, pons, pulvinar (Gilbert & Kelly, 1975; Rockland & Pandya, 1979). 
These laminar organization patterns have been shown in other neocortical region outside 
visual system (Barbas, 1992; Barbas & Rempel-Clower, 1997). 
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Figure 3. Laminar patterns of “feedback” and “feedforward” model and the 
cytoarchitecture of ACC. A) The neurons and dendrites are in gray color. The 
“feedback” axons come from the deep layers and synapse on the upper layers 
(blue). The “feedforward” axons originate from upper layer and then synapse on 
deep layers (red). The yellow dots represent synapses. B) Coronal section of ACC 
stained by DAPI showing the laminar cytoarchitecture of the area 24/32. The 
numbers on the right indicate cortical depths (from the pia). Scale bar: 100µm. 
 
The significance of these laminar patterns is that axons that terminate in different 
layers can interact with different populations and dendritic compartments of pyramidal 
neurons in the cortex (Barbas & Rempel-Clower, 1997). The upper layer terminations 
interact with apical tufts, but deep layer terminals can interact with other dendritic 
compartments. Neural circuitry studies have shown that axons from a certain brain 
regions might project to the specific laminae in another brain region (Larkman & Mason, 
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1990; Barbas & Rempel-Clower, 1997). For instance, projections from the amygdala 
terminate in the upper layers 1 or 2-3 of ACC, which most likely could contact the distal 
apical tufts in layer 1 and the ascending apical dendrites in layers 2-3 (Barbas et al., 
2011). The inputs from thalamus that terminate in the middle to deep layers (4-5) will 
tend to contact more basal dendrites layer 2 and 3 pyramidal neurons (Giguere & 
Goldman-Rakic, 1988; Somogyi et al., 1998).  
Studies in cortico-cortical pathways have shown that pyramidal neurons located 
in upper layers 2-3 mostly project to the middle to deep layers 4-5 of their target areas, a 
projection pattern associated with a “feedforward” or “driving” pathway; the reciprocal 
connections are from neurons that are mostly located in deep layers 5-6 and their boutons 
synapse primarily on the neurons in the upper layers 2 and 3 of their target areas, a 
projection pattern associated with a  “feedback” or “modulating” pathway (Fig. 
3)(Felleman & Van Essen, 1991; Coogan & Burkhalter, 1993; Barbas & Rempel-Clower, 
1997; Gonchar & Burkhalter, 2003). A similar pattern is found in sensory 
thalamo-cortical pathways, where middle layer terminations are thought to be “drivers”, 
while layer 1 thalamo-cortical terminations are “modulators” (Sherman & Guillery, 1998; 
De Pasquale & Sherman, 2012). The “modulating” or “driving” features of pathways 
may depend on the dendritic domain targeted by axons. For instance, synapses formed in 
upper layers may target more distal apical dendrites of pyramidal neurons, which are 
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further away from the soma than the dendrites in deeper layers (Sherman & Guillery, 
1998).  Thus, dendritic structure and arborization in distinct cortical layers is an 
important determinant of circuitry. Here I will study layer 2 and 3 pyramidal neurons in 
ACC, which may receive input from upper layer terminations, and then project to the 
deeper layers of other cortical regions.  
 
Dendritic morphology of the pyramidal neuron 
Dendritic morphology is a major determinant of pyramidal neuron function 
(Spruston, 2008). Studies have proposed that the dendritic field of the recipient 
pyramidal neuron and the axonal arbor of the presynaptic neuron together would 
determine the diversity of the signal that integrated by the postsynaptic neuron (Malach, 
1994; Elston et al., 1996). Moreover, other studies pointed out the cable theory that has 
shown the electrophysiological function of the dendrites (Rall, 1967). The cable theory 
proposed that a local potential (either depolarizing or hyperpolarizing) would undergo 
decline from its origin to its destination. The amount of signal decline is largely 
determined by dendritic passive properties, namely, time constant and length constant. 
These passive properties are determined by dendritic length and dendritic diameter (Rall, 
1967). Thus the morphological properties of dendritic arbors have a close relationship 
with the neural integration function (Mainen & Sejnowski, 1996). 
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Relationship between signal transfer and the dendritic branching pattern 
Dendritic branching pattern is a salient feature that acts as a two-stage filter in 
both spatial and temporal domains (Jaslove, 1992). The distal dendrites and the dendritic 
branching pattern constitute the filter that makes sure only the specific synaptic inputs 
will reach threshold and transfer to the axon hillock (Jaslove, 1992). Schaefer and 
colleagues (2003) found that the coupling of backpropagation action potential (bAP) 
from soma and the calcium-mediated depolarization from distal apical dendrites was 
affected by the apical oblique dendrites in layer 5 pyramidal neurons. They proposed that 
increasing the number of proximal apical oblique dendrites and decreasing the number of 
distal apical oblique dendrites could enhance this coupling. Thus, the distal branches 
might serve as a current sink, and the proximal branches as a current source (Schaefer et 
al., 2003; Spruston, 2003).  
Relationship between neuronal complexity and dendritic arborization volume 
The dendritic arborization volume is related to neuronal integration capacity and 
the potential connectivity ability in the network (Elston et al., 1996). Some studies 
proposed that pyramidal neurons with larger and more complex dendritic arbors might 
have stronger computational ability (Poirazi & Mel, 2001). This is consistent with the 
“Peter’s rule” – the synapses were randomly formed between pre- and post-synaptic 
entities (Peters, 1991). Thus pyramidal neurons might have better chance to sample more 
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information with larger dendritic span. Moreover, as described above, axons terminate in 
specific laminar pattern (Larkman & Mason, 1990; Barbas & Rempel-Clower, 1997), so 
that pyramidal neurons with dendrites spanning different layers could receive distinct 
laminar inputs. Since, the size of the dendritic arbor is unique for each pyramidal neuron 
and can be described statistically by morphological parameters such as total vertical 
extent, horizontal extent and convex hull volume (Snider et al., 2010), I will study these 
dendritic parameter of ACC pyramidal neuron in layer 2 and 3.  
 
Spine morphology of the pyramidal neuron 
Dendrites of pyramidal neurons are enriched with spines, which are the 
throne-like protrusions from the dendritic shafts (Shepherd, 1996). From the first 
discovery of dendritic spines in 19th Century by Cajal (Garcia-Lopez et al., 2007; 
DeFelipe, 2013), the function of these little protrusions has been debated. There is 
abundant evidence showing that they are morphologically diverse and 
electrophysiologically and biochemically important (Tsay & Yuste, 2004; Yuste, 2011). 
Morphologically, each spine has one head about 0.001-1 µm3 in volume, and the head 
connects to parent dendritic shaft by a neck <0.1µm3 in volume (Nimchinsky et al., 
2002). Sometimes spines contain two or more heads and one neck, but they are the 
minority in population (Fig. 19 A). Based on the shape of the head and neck, spines can 
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be divided into thin, mushroom, stubby, filopodia, and bifurcating/branched subtypes 
(Peters, 1991). Spines distribute widely along the dendrites of pyramidal neurons, except 
for the initial 10-50µm proximal segment of the apical trunk (Gray, 1959; Valverde, 
1967; Nimchinsky et al., 2002). Functionally, most spines protruding from pyramidal 
neuron dendrites receive one excitatory glutamatergic synapse, however about 10-20% of 
spines receive a second inhibitory synapse (Jones & Powell, 1969). About 3.6% of spines 
do not connect with any synapse (Arellano et al., 2007). Importantly, spines are the main 
recipients of excitatory input of pyramidal neuron. Changing the number of spines in 
dendritic arbors may impact the function of single neurons and, if widespread enough 
perhaps even lead to nervous system dysfunction (Benavides-Piccione et al., 2013).  
Spine number estimates total excitatory input in a pyramidal neuron 
As spines are important sites of excitatory synapses on pyramidal neurons, spine 
number can be used to estimates total excitatory inputs in pyramidal neurons. Studies 
have shown that pyramidal neurons in prefrontal cortex contain about 23 times more 
spines than visual cortex in macaque monkey. (Elston, 2000; Elston, 2003; Amatrudo et 
al., 2012). Total spine numbers are different when comparing dendrites of pyramidal 
neurons in occipital, frontal, temporal lobes in human tissue (Elston, 2000). All of these 
studies have proposed that pyramidal neurons in different brain regions contain different 
number of spines so that the capacity to sample information is different for those neurons. 
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Thus the function of certain brain region might be related to the number of spines on their 
pyramidal neurons, for example pyramidal neurons in dorsolateral prefrontal lobe might 
use more information to support their higher level of cognitive function than those in 
visual cortex (Amatrudo et al., 2012). 
A hierarchical pattern in spine density across cortical areas 
The spine densities of the pyramidal neurons are different among different brain 
regions. For example, Jacob and colleagues have studied spine density across several 
different human brain regions and exhibited hierarchical patterns in the brain. The density 
of layer 3 basal dendrites was greatest in the frontal pole (area 10), and then prefrontal 
and orbitofrontal area; the primary sensory area has shown the lowest spine density 
among those areas (Jacobs et al., 2001).  A similar hierarchical pattern is also displayed 
in ventral visual cortical pathway (Elston et al., 2010). Elston also studied spine density 
among ACC, posterior cingulate cortex, inferior-temporal cortex, and primary visual 
cortex, and has shown that the spine density was highest in the basal dendrites of ACC 
when compared with other regions (Elston et al., 2005). In this way, areas containing 
pyramidal neurons with higher spine density may perform higher-level function in a 
neuronal network (Jacobs et al., 2001).  
Spine size is correlated with synaptic strength 
The size of spine heads is heterogeneous and dynamic. Studies have shown that 
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spine head diameter is correlated with the surface area of the postsynaptic density 
(PSD)(Matsuzaki et al., 2001). Under electron microscopy, the synapses appear as 
thicken dark lines on the postsynaptic membrane, which is referred to as PSD (Kennedy, 
1997). The PSD is enriched with signaling molecules and helps anchor ion channels in 
postsynaptic membrane, for example the 
α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and the 
N-Methyl-D-aspartic acid (NMDA) receptors (Ziff, 1997). Since PSD showing a crucial 
role in synaptic signaling assemblage, the size of PSD is positively correlated with the 
synaptic efficacy (Wilson et al., 1983; Ballesteros-Yáñez et al., 2006). Studies show that 
the spine head diameter is positively correlated with the size of PSD, so that the spine 
head diameter may underlie the synaptic strength (Harris, 1999). In this study, the spine 
head diameter Sholl analysis will be used to study the synaptic strength of spines along 
the dendritic arbors.  
Relationship between the spine size and dynamic properties 
Apart from the relationship between PSD and spine head diameter, the spine head 
diameter is correlated with its structural stability (Matsuzaki et al., 2001). The spines are 
not absolute stable structures; they are capable of increasing or decreasing in size or 
number because of hormone regulation, aging process, or learning procedures 
(Nimchinsky et al., 2002). Studies have shown that larger spines are more stable and 
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merely undergo pruning at rest, and they are more difficult to be excited (Shepherd, 1996; 
Kasai et al., 2003). On the other hand, small spines are unstable, and could change 
according to the environment, but they are easier to be excited (Shepherd, 1996; Kasai et 
al., 2003). On the basis of previous evidence it was proposed that if a brain area contains 
mostly stable larger spines, the synapses couldn’t be easily erased once they are 
established (Kasai et al., 2003). 
Spine distribution can affect temporal and spatial summation of synaptic inputs 
The densities of spines are not the same along their parent dendrites. In most 
cases, the density of spines first increases and then decreases along the way from soma to 
distal dendrites, and this change is gradual (Valverde, 1967; Benavides-Piccione et al., 
2013). Studies have shown that the location of spines can affect the timing and the 
amplitude of the synaptic signal arriving at the soma (Magee, 1999). That is because 
excitatory synapses mostly impinge on spines, which are widely distributed on dendrites 
and can collect widely dispersed inputs for each neuron (Yuste, 2011). These widespread 
signals can enhance the degree of the temporal and spatial summation within certain 
neurons (Rall et al., 1967; Andersen et al., 1980). Thus if the spine distribution of a 
pyramidal neuron is wide enough, its ability to collect widespread information is higher, 
and the chance they undergo temporal and spatial summation to reach the transmitting 
threshold is higher.    
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Studying the dendritic and spine morphology of entire Layer 2 and Layer 3 
pyramidal neurons 
In summary, pyramidal neuron dendritic, spine and synapse structure is important 
for cortical function. The studies are limited in primates, which have a vast collection of 
cortical areas. Here I will focus on the detailed dendritic morphological features of the 
ACC pyramidal neurons, an area whose role in higher-order function remains unclear. 
Using intracellular filling of neurons during whole-cell patch clamp recording to study 
morphology together with electrophysiology, I will investigate in detail the following 
morphological features: 1) dendritic length; 2) branch pattern, which is related to 
dendritic complexity (Poirazi & Mel, 2001) and integration function of certain neurons 
(Schaefer et al., 2003); 3) dendritic 3D convex hull (CHs) volume, vertical extent and 
horizontal extent to determine the volumetric span of dendrites which is related to the 
number of connections that can be sampled by a neuron (Teeter & Stevens, 2011); 4) 
spine distribution, spine number and spine density analyses, as estimates of the 
distribution and number of excitatory input (Benavides-Piccione et al., 2013); 5) spine 
head diameter due to its close relationship with synaptic strength and stabilization 
(Shepherd, 1996; Harris, 1999; Kasai et al., 2003). Thus by studying these morphological 
features of layer 2 and 3 pyramidal neurons in ACC, we hope to understand the 
functional properties of these neurons.   
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MATERIALS AND METHODS 
Experimental subjects 
Three mature rhesus (Macaca mulatta) monkeys were included in this study. 
Because immature brains are undergoing development, the morphology of the pyramidal 
neurons is different according to the time zones, so that accurately illustrate the basic 
anatomy of the ACC pyramidal neurons should use mature subjects. The monkeys came 
from the Yerkes Regional Primate Research Center. Following the NIH Guide for the 
Care and Use of Laboratory Animals, the monkeys were housed in the Boston University 
Laboratory Animal Science Center (LASC). 
 
Preparation of anterior cingulate cortex slices 
According to the previous study, the monkeys were first tranquilized with 
ketamine hydrochloride (10 mg/ml) and then deeply anesthetized with sodium 
pentobarbital. And then the monkeys underwent a thoracotomy and exsanguination 
performed with perfusion through the ascending aorta with ice-cold Krebs-Henseleit 
buffer (concentrations, in mM: 6.4 Na2HPO4, 1.4 Na2PO4, 137 NaCl, 2.7 KCl, 5 glucose, 
0.3 CaCl2, 1 MgCl2; pH 7.4; Sigma-Aldrich). After perfusion, 10mm3 blocks of ACC 
were taken from the rostral region of the cingulate gyrus in medial frontal lobe 
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(Brodmann’s area 32, 25 and 24). Then the tissue blocks were placed in ice-cold Ringer’s 
solution (concentrations, in mM: 26 NaHCO3, 124 NaCl, 2 KCl, 3 KH2PO4, 10 glucose, 
1.3 MgCl2; pH 7.4; Sigma-Aldrich) and sectioned into 300-um-thick coronal slices with a 
vibrating microtome. The harvested slices were transferred into oxygenated Ringer’s 
solution in room temperature, and equilibrated for about one hour. 
 
Whole-Cell Patch Clamp Recordings 
After equilibrating, the individual slices were recorded in submersion-type 
recording chambers (Harvard Apparatus) containing external solution (Ringer’s solution), 
and the layer 2 and 3 pyramidal neurons in ACC were visualized under IR- DIC 
microscopes (Micro Video Instruments, Avon, MA, USA). The electrodes were made by 
a horizontal Flaming and Brown micropipette puller (Model P-87, Sutter Instruments, 
Novato, CA, USA), and filled with internal solution (concentrations, in mM): 122 
KCH3SO3, 2 MgCl2, 5 EGTA, 10 NaHEPES, 1% biocytin (pH 7.4; Sigma-Aldrich). The 
resistance of the electrodes under external solution was between 4-6 MΩ. The 
PatchMaster acquisition software on EPC-9 or EPC-10 patch-clamp amplifiers (HEKA 
Elektronik, Lambrecht, Germany) was used to acquire the electrophysiological data. 
Different protocols were performed on the neurons to obtain information on passive 
membrane properties, action potential firing properties (Amatrudo et al., 2012). 
   
26 
Preparation of slices containing filled neurons for confocal microscopic scanning 
The slices containing biocytin were gently flattened and were placed between two 
round filter papers, like a “sandwich”. The “sandwiches” containing the slices were 
transferred to 32 well tissue culture plate. Each well contained enough 4% 
paraformaldehyde in 0.1 M phosphate buffered saline (PBS) solution (pH 7.4) to cover 
the “sandwich” structure. The slices were stored at 4 °C for 2 days.  And then slices 
were processed according to the method of Amatrudo (2012): removing the filter papers, 
rinsing the slices 3 times with PBS, bathing in 1% Triton X-100/PBS at room 
temperature for 2 hours and then incubating with streptavidin-Alexa 488 (1:500; 
InVitrogen, Carlsbad, CA, USA) at 4°C for 2 days.  
After the staining was complete, the neurons were first observed under 40x 
infrared differential interference contrast (IR-DIC) light microscopy with mercury lamp 
exciting fluorescence emitted by Alexa 488 to locate the neurons and valuate the staining 
quality, if the staining was not enough, we incubated for a longer time. And then the 
slices labeled with fluorescent markers were stored in a solution of 0.1 Triton X-100/PBS 
at 4 °C before mounting. Two days before imaging under confocal microscopy, slices 
were mounted on slides with Prolong Gold mounting medium (InVitrogen) and 
cover-slipped. 
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Confocal Microscopic scanning 
High-resolution Confocal Laser Scanning Microscopy (CLSM) was used to scan 
streptavidin-labeled neurons in order to visualize the dendrites and spines. The 
fluorescently labeled neurons should be placed upside down when observed using Hg 
lamp excitation via ocular lens, so that imaging would stand upright on the screen: the 
soma and the basal dendrites in the bottom, the apical tufts vertically placed, and the 
apical dendrites on the top. The Zeiss-510 confocal laser-scanning microscope was set as: 
excited by Argon laser with wavelength at Alexa 400nm, and collecting with 500-550 nm 
band pass filter. Multiple image tiles were obtained using a Plan-Apochromat 40x/1.3 NA 
oil-immersion objective lens (210 µm working distance) with 1.5x digital zoom at a 
resolution of 0.1 × 0.1 × 0.2 µm per voxel (153 µm2 field of view) to acquire whole 
neurons. It was important to ensure creating the overlapping part of each tile when 
moving to the next tile. Each tile was saved individually as “.lsm”, 8bit file. 
The 4', 6-diamidino-2-phenylindole (DAPI) was performed on the neurons and 
the coronal section of the ACC (area 24/32) was captured using 10x infrared differential 
interference contrast (IR-DIC) light microscopy with mercury lamp exciting fluorescence 
emitted by DAPI (Fig. 3 B). 
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Procedures for processing images before quantitative analyses 
The obtained ‘.lsm’ files were deconvolved using Autodeblur Classic software 
because the signal is blurred in the z-plan of confocal microscopic images (Media 
Cybernetics, Bethesda, MD, USA). This software clarifies and sharpens the images by 
removing noise and scattered light using a mathematical point spread function algorithm 
(Shaw, 1994; Wearne et al., 2005). Following deconvolution, the Volume Integration and 
Alignment System (VIAS) software was used to align tiles from single neuron (Fig. 4), 
and then integrated into a dataset containing “.tif” files.  
 
Tracing somata 
 The 64-bit version of NeuroLucida (MBF Bioscience) was used to acquire the 
somata properties of each neurons (Fig. 6 A), including perimeter, volume, area, height, 
and width.   
 
Tracing neurites and marking spines 
The 64-bit version of NeuronStudio software (available at 
http://www.mssm.edu/cnic) was used to study the detailed morphological properties of 
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dendrites and spines from the previously recorded pyramidal neurons. NeuronsStudio can 
automatically or semi-automatically analyze complex neuronal morphology at high 
resolution using a Rayburst-based algorithm analysis method (Rodriguez et al., 2006; 
Rodriguez et al., 2008). This software can analyze the large gigabits dataset of “.tif” files, 
which allows us to study the morphological properties of the monkey layer 2 and 3 
pyramidal neurons in ACC.  
For dendritic tracing, “.tif” file dataset was imported into NeuroStudio, the soma 
was set as center, and then the software could automatically trace the dendrites, thereby 
generated a “.swc” files. After automatic tracing, semi-automatic tracing by hand was 
needed to make sure every branch was included and the dendritic diameter was correct. 
The apical dendrites, apical tufts, apical dendrites without tufts and basal dendrites were 
separated from the whole dendrites for further analysis, and the soma was kept with the 
dendrites for Sholl analysis.  
Following tracing the dendrites and spines were marked manually by importing 
previous traced neuron into the NeuroStudio software as well as the image stacks. To 
identify the spine subtypes (described below), the 3D “x-y viewer” module was used to 
visualize spines in the z-plane. A “gray” bubble was created on the head of the spine to 
just cover the whitest part of the spine head- and the diameter of the bubble represented 
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the diameter of the spine heads. The spines were marked separately for apical, basal, and 
total spines, and the “.txt” file was generated for each segment.    
 
Criteria of subtyping spines 
Spines can be classified as thin, mushroom, stubby, and filopodia, based on the 
head diameter and the neck length (Fig. 18 A). Spines with a head larger than 0.6 µm and 
a narrow neck shorter than 3 µm were mushroom spines. On the other hand, spines with 
smaller head (<0.6 µm) and neck shorter than 3 µm were thin spines. Any spines with a 
neck longer than 3 µm were categorized as filopodia spines. Spines that were without 
constriction between the head and connected dendrites were classified as stubby spines 
(Nimchinsky et al., 2002). 
 
Convex hull volume analysis 
Volumes of the 3D convex hull for reconstructed ACC neurons were calculated 
by using the TREES toolbox (available at http://www.treestoolbox.org/) from within 
MATLAB (Fig. 14). The convex hull volumes of apical, basal, total dendritic arbors were 
calculated individually for each neuron. The dendritic density was defined as dendritic 
length divided by convex hull volume. 
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RESULTS 
The electrophysiological data and morphological data were collected from six 
pyramidal cells in anterior cingulate cortex in the rhesus monkey. Based on the 
measurement of DAPI stain, the boundary between layer 2 (L2) and layer 3 (L3) was 
about 350 µm from pia surface (Fig. 3 B). Three of the reconstructed neurons were 
located in L3 and three of them were located in L2. Because one of the L3 pyramidal 
cells contained too many varicosities, the spine analyses were based on the data without 
it.  
 
The general features of the L2 and L3 ACC neurons 
The reconstructed ACC pyramidal neurons were typical pyramidal neurons with a 
pyramidal shape soma, an apical trunk emanating vertically towards the pia-mater, and 
several basal dendrites forming a skirt-like structure (Fig. 4). The apical trunks branched 
off several apical oblique branches, typically at an angle more than 90°. The apical 
dendrites formed one apical tuft when approaching layer 1, typically at an angle less than 
90°. However, one of the neurons displayed two apical tufts (Fig. 4 bottom row right). 
The electrophysiological properties of L2 and L3 neurons exhibited regular spiking firing 
properties, typical of upper-layer pyramidal neurons in the cortex (Chang & Luebke, 
2007) (Fig. 5). The L2 and L3 neurons behaved similarly, resting at -66.98±3.89mV, with 
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time constant at 24.88±3.97ms and input resistance at 133.65±62.32MΩ. (Fig. 5 B).  
 
Figure 4. Reconstructed pyramidal neurons in ACC. A) The 40x confocal microscopic 
image stacks of L3 (left) and L2 (right) neurons projected in xy, yz and xz planes. B) The 
first row shows the L2 neurons and the second row shows the L3 neurons. Scale bar: 
100µm. 
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Figure 5. The electrophysiological responses of ACC pyramidal neurons. A) Voltage 
responses (bottom) of representative L2 (gray) and L3 (black) neurons to 200-ms current 
pulses (top, -40 to +20 pA). B) Firing patterns of representative neurons observed in 
response to a current ramp protocol. C) Single action potential of the representative 
neurons. Scale bars: A, top, 20pA/100ms, bottom, 2mV/100ms; C, 20mV/2ms. 
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Soma analyses 
The somata of three L2 neurons and two L3 neurons (one of the 3 used for 
dendrite and spine analyses had an exploded soma) were reconstructed in NeuroLucida 
and the somatic area, volume, diameter, height, aspect ratio, and perimeter were 
compared. They displayed no significant differences in somatic morphology (Table. 1).  
However, the L3 somata tended to be larger than L2 somata, for the ratio of their 
perimeters (L3:L2) were always larger than one (Table. 1).  Moreover, there were 
positive correlations between the soma-pia distance and most somatic morphologic 
properties (Fig. 6), except the aspect ratio.  
 
Table 1. Soma properties 
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Figure 6. Soma analyses of the reconstructed ACC pyramidal neurons. A) Representative 
L3 neuron was traced in blue contours (top), the L2 neuron was traced in green contours 
(bottom). B) Scatter plots of the volume (µm3) versus soma-pia distance (µm) for the five 
reconstructed neurons. C) Same as B, but area (µm2). D) Perimeter (µm) E) Aspect ratio, 
the oval black contour represents the soma of pyramidal neuron, the aspect ratio is height 
divided by width. Scale bar: 5µm. 
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The dendritic length of the L2 and L3 pyramidal neurons 
The dendritic analyses were based on individually filled ACC pyramidal neurons 
after whole-cell patch clamp experiments (Fig. 4). The mean total dendritic length of the 
L3 pyramidal neurons in ACC was approximately two times higher than pyramidal 
neurons located in L2 (p<0.05), as were the total length of apical dendrites (p<0.01) (Fig. 
7).  But the mean basal dendritic length of the L2 versus L3 did not have significant 
difference. Interestingly, there were no significant differences between apical and basal 
dendritic length when compared within each layer (L2, p=0.2; L3, p=0.6; Fig. S1).  
 
 
Figure 7. Bar graphs of the dendritic length of L2 and L3 pyramidal neurons in ACC. A) 
The dendritic length of the apical, basal, and total dendritic arbors. B) The dendritic 
length of the apical tufts and no apical tufts dendritic arbor (the apical dendrites without 
apical tufts). *p<0.05; **p<0.01. 
 
To investigate whether the difference of apical dendritic length in L2 and L3 was 
due to differences in the apical trunk, apical oblique or apical tufts we divided the three 
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apical compartments into apical tufts and no apical tufts (apical oblique dendrites and 
apical trunk) and then calculated the dendritic length individually for each of the two 
apical divisions. The dendritic length of the apical dendritic arbor without tufts in L3 
neurons were significantly larger than L2, however, the dendritic length of apical tufts 
have no significant difference (Fig. 7 B). 
In order to assess possible dendritic length difference between the proximal arbor 
and distal arbor, Sholl analysis was performed on total, apical, and basal dendrites 
separately. The center of each Sholl ring was the soma of the neuron, and 20 µm 
separated each ring (Fig. 8). The total, apical, and basal proximal dendritic lengths were 
the same between L2 and L3 pyramidal neurons in ACC (Fig. 9). The total dendritic 
length of L3 neurons was significantly longer than L2 neurons only in the middle and 
distal third (Fig. 9 A, right panel), which was consistent with the Sholl analysis showing 
significantly higher dendritic lengths 160-260 µm from the soma (Fig. 9 A, left panel). 
The distal third of the apical dendrite of the L3 neurons was significantly longer than L2 
neurons (Fig. 9 B, right panel). This may be due to the increasing soma-pia distance in L3 
neurons when compared with L2. There were no significant differences in basal dendritic 
length when comparing in proximal, middle or distal thirds (Fig. 9 C). The Sholl analysis 
revealed that the L3 dendrites were longer than L2 pyramidal neurons only in a small 
proportion of the basal dendrites (Fig. 9 C).  
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Figure 8. Sholl analysis model for a representative neuron. The center of each ring is the 
soma, and the sphere diameter for each ring was 20 µm. 
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Figure 9. Dendritic length Sholl analyses. A) Sholl analysis of the total dendritic arbors, 
comparing the dendritic length in 20 um increments (left), and in the proximal, middle, 
and distal thirds (right). B and C were same as A, but analyzed the apical and basal arbor 
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respectively. The top right drawing shows the Sholl analysis for a representative neuron, 
three green circles evenly divided Sholl rings into three parts. *p<0.05. 
The dendritic complexity of layer 2 and layer 3 pyramidal neurons 
The morphological complexity of the dendritic arbors can be quantified using 
parameters, for example: number of primary dendrites, number of segments within 
certain branch order and number of branch points (St John et al., 1997; Elston et al., 
1999; Amatrudo et al., 2012). 
The primary dendrites are the basal dendrites directly branching from somata. The 
L3 pyramidal neurons had more primary dendrites than L2 neurons (Fig. 10 A, p<0.03). 
The number of primary dendrites and distance from soma to pia were positively linearly 
correlated (Fig. 10; r=0.85, df=6).  
 
 
Figure 10. The number of primary dendrites increases with the soma-pia distance. A) Bar 
graph of the number of primary dendrites of L2 and L3 neurons. (n=3) B) Scatter plot of 
the number of primary dendrites vs soma-pia distance. The line represents the regression 
line (n=5, r=0.85). 
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The branch order of the two representative cells is shown in Figure 11A. The 
branch order analyses were performed on apical, basal and total dendritic arbors 
individually. According to these analyses, the number of segments was similar with their 
associated apical branch order of L2 and L3 neurons. But the number of segments was 
higher for tertiary branches in basal L3 neurons than basal L2 neurons (Fig. 11 C) as well 
as those in the total dendritic arbors (Fig. 11 D). Interestingly, the summation of 
segments in L3 total dendritic arbor was higher than L2 (p<0.05), as were the apical 
dendritic arbors (p=0.05)(Fig. 11 D). But the numbers of segments in basal dendritic 
arbors were similar between the two layers (Fig. 11 D).   
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Figure 11. Dendritic branch order analyses. A) Representative L2 (right) and L3 (left) 
neurons are colored by their branching order. Dark blue represents the lowest branch 
order and dark red represents the highest. B) Bar graph of the number of apical dendritic 
segments in certain branch order in the apical dendritic arbors. C and D are same as B, 
but plots show the basal and total dendritic arbors respectively *p<0.05. E) Bar graph of 
summation of segments in apical, basal and total dendritic arbors. Scale bar: 100µm.  
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Dendritic branching topology was further evaluated with Sholl analysis (20 µm 
Sholl rings) of branch points. At most distances from the soma, the number of branching 
points did not differ in apical, basal, and total arbors between L2 and L3 neurons in ACC 
(Fig. 12 A-C, left panel). The normalized proximal, middle, and distal thirds of apical and 
basal dendrites also showed no differences in dendritic branching points between the two 
groups (Fig. 12 A-C, right panel). Interestingly, the basal dendrites of both L2 and L3 
ACC neurons branched only at the proximal third (Fig. 12 C). There was no significant 
difference between L2 and L3 pyramidal neurons in ACC when compared to the total 
number of dendritic branching points in basal dendritic arbors (Fig. 13). But the number 
of total dendritic branching points of L3 pyramidal neurons was higher than L2 (p<0.05), 
and in apical dendritic arbors was higher in L3 than L2 (p<0.05) (Fig. 13).  
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Figure 12. Dendritic branch point Sholl analyses. A) Sholl analysis of the total dendritic 
arbor, comparing the dendritic branching points in 20 µm increments (left), and in the 
proximal, middle, and distal thirds (right). B and C were the same as in A, but analyzed 
the apical and basal arbor, respectively. The top right drawing shows the third analysis 
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for the representative neuron, the sphere diameter for each ring was 20 µm, and the green 
circles represent the proximal, middle and the distal third rings respectively. *p<0.05. 
 
 
Figure 13. Bar graph of the dendritic branching points of L2 and L3 pyramidal neurons in 
ACC. *p<0.05. 
 
Dendritic span analysis of layer 2 and layer 3 pyramidal neurons 
Convex hull volume analysis was performed on the ACC neurons individually to 
investigate the 3D spanning volume of total, apical and basal dendritic arbors (Fig. 14). 
Interestingly, the 3D spanning convex hull volumes of the L2 and L3 pyramidal neurons 
dendritic arbors were similar for basal dendritic arbors (Fig. 15 A, left panel). The convex 
hull volume of apical dendritic arbors of L3 neurons tended to be larger than L2 neurons 
(p=0.09) (Fig. 15 A, left panel). However when considering the total dendritic arbor, the 
total dendritic volume span of L3 neurons was significantly larger than L2 neurons 
(p<0.05) (Fig. 15 A, left panel). The apical dendritic arbor differences may result from 
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the different soma to pia distance between the two groups of neurons. There was no linear 
correlation between the convex hull volume and the soma-pia distance either in apical, 
basal or total arbors (Fig. 15 B, left panel).  This suggests that the 3D spanning of the 
dendritic arbors was independent from location of the soma. The dendritic density was 
calculated by dividing the total length of each arbor by its convex hull volume. The mean 
dendritic density of L2 pyramidal neuron vs L3 did not differ either in apical, basal or 
total arbors (Fig. 15 A, right panel). 
 
Figure 14. Convex hull models of a representative neuron. A) The apical dendritic arbors. 
B) The basal dendritic arbors. C) The total dendritic arbors. Scale bar: 100 µm. 
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The volumetric span of the apical arbors was further investigated by calculating 
the convex hull volume and dendritic density for apical dendritic arbors into apical tufts 
and apical trunk plus oblique dendrites without tufts. However, there was no significant 
difference of the convex hull volume between L2 and L3 neurons in either apical tufts or 
apical trunk plus obliques without tufts (Fig. 15 C, left panel). The density of those 
dendritic arbors in L2 and L3 neurons were similar (Fig. 15 C, right panel).  
Previous studies have shown a strong linear relationship between 
log10-transformed dendritic density and convex hull volume (Teeter & Stevens, 2011). 
The total dendrites of the reconstructed ACC neurons have shown the linear correlation 
as well (Fig. 15 B, right panel, r=0.89, df=6). But analysis of apical and basal dendritic 
arbors separately each displayed no linear correlation. 
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Figure 15. The convex hull volume (CH) and the arbor density analyses of L2 and L3 
pyramidal neurons. A) Bar graphs of the mean convex hull volume (left) and mean arbor 
densities (right) of apical, basal and total arbors of L2 and L3 ACC pyramidal neurons. 
B) The left scatter plot of convex hull volume and the soma-pia distance of the neurons 
reconstructed in this study. The right scatter plot of the log10-transformed convex hull 
volume and arbor densities of neurons reconstructed in this study. C) The left scatter plot 
of convex hull volume of the apical tufts and apical no tufts (apical dendrites without 
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tufts) of the reconstructed L2 and L3 neurons. The right panel is the same as the left 
panel, but show the dendritic density.  
 
Table 2. Vertical and horizontal extent analyses 
 L2 L3 P value 
Apical    
Horizontal extent (µm) 290.26±7.78 391.44±64.58 >0.05 
Vertical extent (µm) 261.06±36.61 418.62±31.52 <0.01** 
Apical oblique    
Horizontal extent (µm) 249.88±27.34 257.06±93.79 >0.05 
Basal    
Horizontal extent (µm) 312.51±6.82 397.58±35.51 <0.05* 
Vertical extent (µm) 231.44±100.03 351.28±28.28 >0.05 
Total    
Horizontal extent (µm) 325.27±23.44 428.32±39.06 <0.05* 
Vertical extent (µm) 402.89±52.83 623.03±30.81 <0.01** 
 
Vertical and horizontal extent analyses were performed on apical, apical oblique, 
basal and total dendritic arbors individually. The L3 neurons have larger vertical extent in 
the apical dendritic arbors than the L2 neurons, which is consistent with the larger 
soma-pia distance and larger convex hull volume spanned by apical dendrites in L3 
versus L2 neurons (Table. 2). In the basal dendritic arbors, the horizontal extent of L3 
neurons is significantly larger than the L2 neurons, but the vertical extent was not 
significantly different (Table. 2). This result was consistent with the similar convex hull 
volume between L2 and L3 neurons in the basal dendritic arbors.  
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Spine number and spine density analysis 
The spines are the throne-like protrusions from the dendritic shafts (Shepherd, 
1996) distributed throughout the dendritic arbors of pyramidal neurons. The spine 
number and spine density were both analyzed along the dendritic arbors for each ACC 
pyramidal neuron (Fig. 16 A). The spine analysis was based on only two of the three 
reconstructed L3 neurons and all the L2 neurons, because the third L3 neuron had too 
many varicosities. The total number and density of spines did not differ between L2 and 
L3 pyramidal neurons in basal and total dendritic arbors (Fig. 16 A). There was a 
significant difference in spine numbers in apical dendritic arbors (p<0.05, Fig. 16 B), but 
the density of the apical dendritic spines was similar between L2 and L3 (p=0.14, Fig. 16 
C).  
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Figure 16. Spine number and spine density analyses. A) 40x confocal image stacks of 
proximal apical, distal apical, proximal basal and distal basal dendritic branches. B) Bar 
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graphs of the mean spine number of apical, basal and total dendritic arbors of L2 vs L3. 
C) The same as A, but comparing the spine density. **p<0.01, scale bar 5 µm. 
 
Sholl analysis was used to quantify the spine distribution along the dendritic 
arbors. The mean spine number was higher in L3 neurons than L2 neurons at distance > 
180 µm in both total and apical dendritic arbors (Fig. 17 A, B, left panel). The spine 
number of dendritic segments normalized to proximal, middle and distal thirds was 
consistent with the Sholl analysis. Significant differences in spine number were found 
between middle and distal third of apical and total dendritic arbors (Fig. 17 A, B, right 
panel). Interestingly, the basal spine number of L2 and L3 pyramidal neurons was 
similar, as shown in the Sholl analysis and analysis using normalized dendritic lengths 
(Fig. 17 C).  
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Figure 17. Spine number Sholl analyses. A) Sholl analysis of the total dendritic arbor, 
comparing the spine numbers in 20 µm increments (left), and in the proximal, middle, 
and distal thirds (right). B and C were the same as in A, but analyzed for the apical and 
basal arbor respectively. *p<0.05. 
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Spine subtype analysis 
Using pervious criteria described above, the spines were classified into four major 
subtypes: thin, mushroom, stubby, and filopodia spines (Fig. 18 A). In order to analyze 
the distribution of these spine subtypes ACC pyramidal neurons, both the total dendritic 
spine number and density by subtype were quantified along the entire extent of the three 
L2 neurons and two L3 neurons. For both groups of neurons, the proportion and density 
of each spine subtype had the same trend in total, apical and basal dendritic 
compartments, namely, thin > mushroom > stubby >Filipodia (Fig. 18 C; Fig. 19 C). The 
number of total mushroom and stubby spines in L3 pyramidal neurons was significantly 
higher than L2 pyramidal neurons (Fig. 18 B, left panel). Yet, the numbers of thin and 
filipodia spines were similar between L2 and L3 pyramidal neurons. The density of all 
spine subtypes demonstrated no significant differences between L2 and L3 pyramidal 
neurons either (Fig. 18 B, right panel).  
Due to the laminar difference of apical and basal dendritic arbors, they may get 
different inputs (Gilbert, 1983), so that the analysis of the spine subtype was performed 
on apical and basal dendritic arbors individually. The L3 pyramidal neurons showed 
significantly higher number of thin and stubby spines in the apical dendritic arbors than 
L2 neurons (Fig. 19 A left panel). However, mushroom and filipodia spines in the apical 
arbors showed no significant difference between L2 and L3 pyramidal neurons 
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(mushroom, p=0.13; filipodia, p=0.29). In the basal dendritic arbors, only stubby spines 
showed a significant difference between L2 and L3 neurons (Fig. 19, B left panel). 
Interestingly the spine density for each subtype was similar in both the apical and basal 
dendritic arbors (Fig. 19 A, B right panel).  
 
 
Figure 18. Spine subtype analyses in total dendritic arbors. A) Scheme drawing of the 
criteria of spine subtype classifications (left). 40x image stacks showing representative 
spine subtypes of L2 and L3 pyramidal neurons (right). Thin=blue, mushroom=red, 
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stubby=yellow, filipodia=gray. B) Line graphs showing total number (left) and density 
(right) of the spine subtypes. C) Pie chart showing the proportion of each spine subtype in 
L2 and L3 neurons. Scale bar: 5µm.  
 
 
Figure 19. Spine subtype analyses in apical and basal dendritic arbors. A) Line graphs 
show number (left) and density (right) of the spine subtypes in apical dendritic arbors of 
the L2 and L3 neurons. B) The same as A, but show the basal dendritic arbors. C). Pie 
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charts show the proportion of each spine subtype in L2 and L3 neurons (apical dendritic 
arbors, top; basal dendritic arbors, bottom). 
 
Sholl analysis of spine subtype distribution 
Sholl analysis was used to investigate the spine distribution in the whole dendritic 
arbor in ACC L2 and L3 neurons at varying absolute and normalized (proximal, middle 
and distal) distances from the soma (Figs. 20 and 21). The thin spine were significantly 
higher in number in L3 total dendritic arbor about >160 µm away from soma than in L2 
(Fig. 20 A). Sholl analysis revealed that the specific parts of the L3 neurons have larger 
numbers of mushroom and stubby spines than L2 in total dendritic arbors (Fig. 20 A).  
The number of mushroom and stubby spines was significantly higher in L3 than in L2 
only in the distal third of the total dendritic arbors (Fig. 20 B). No significant differences 
in the number of filopodia spines in all Sholl rings were found between L3 and L2 in the 
total dendritic arbor (Fig. 20 A).  
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Figure 20. Sholl analyses of total number of spines by subtype. A) Sholl analyses for 
each subtype in total dendritic arbors. B) Sholl analyses for each subtype in proximal, 
middle and distal thirds of the total dendritic arbors. *p<0.05, **p<0.01.  
 
To assess the distribution patterns of the spine subtypes among apical and basal 
dendritic arbors, Sholl analyses were performed on L2 and L3 ACC pyramidal neurons 
individually (Fig 21. A). The number of apical thin spines was significantly higher in L3 
than in L2 neurons, beyond a distance of >180 µm from the cell body (Fig. 21 B left 
panel top). Similarly, the density of the apical thin spines in the L3 neurons was higher in 
the dendritic arbor in the distance >160 µm from soma than L2 neurons (Fig. 22 B left 
panel top). Analysis using normalized dendritic length was consistent with the Sholl: The 
thin spine number in the middle and distal third of the apical dendritic arbor of L3 
neurons was significantly larger than in L2 (Fig. 23 A). But the apical arbors, thin spine 
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density in any of the three parts of the apical dendritic arbor displayed no significant 
difference between L2 and L3 neurons (Fig. S2). 
Comparing the Sholl analysis of the density of the mushroom and stubby spines in 
apical dendritic arbor, no significant difference was found between L2 and L3 neurons 
(Fig. 22 B left panel bottom and right panel top). But, the number of mushroom and 
stubby spines in proximal and distal third of the apical dendritic arbors of L3 neurons 
were significantly larger than L2 neurons (Fig. 23 A), however the spine density had no 
significant differences between L2 and L3 neurons (Fig. S2). Finally, the number (Fig. 
21) and density (Fig. 22) of the filopodia spines increased in the distal part of the apical 
dendritic arbor in L2 compared to proximal and middle parts (Fig. 21 B right panel 
bottom; Fig. 22 right panel bottom). In the basal dendritic arbors, the number of 
mushroom and stubby spines was higher in the distal third of L3 neurons than L2 (Fig. 21 
C, Fig. 23 B). Interestingly, the density of each spine subtype was similar in the L2 and 
L3 basal dendritic arbors (Fig. 22 C).  
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Figure 21. Spine number Sholl analyses of each subtype in apical and basal arbors. A) 
Representative L2 (right) and L3 (left) pyramidal neurons with color-coded spines 
superimposed on the dendritic reconstructions (blue=thin; yellow=stubby; 
red=mushroom; and gray=filopodia). B) Sholl plots of the distribution of spine subtypes 
number across the apical dendritic arbor. C) The same as in B, but plots show the spines 
of the basal dendritic arbor. Scale bar: 100 µm. 
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Figure 22. Spine density Sholl analyses of each subtype in apical and basal arbors. A) 
Representative L2 (right) and L3 (left) pyramidal neurons with color-coded spines 
superimposed on the dendritic reconstructions (blue=thin; yellow=stubby; 
red=mushroom; and gray=filopodia). B) Sholl plots of the distribution of spine subtype 
density across the apical dendritic arbor. C) The same as in B, but plots show the spines 
in basal dendritic arbor. Scale bar: 100 µm. 
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Figure 23. Spine subtype third analyses in apical and basal dendritic arbors. A) Sholl 
analyses for each subtype in proximal, middle and distal thirds of the apical dendritic 
arbors. B) The same as in A, but plots show the spines in basal dendritic arbors. *p<0.05.  
 
Spine head diameter analysis 
Previous studies have shown that the spine head diameter is linearly correlated 
with the PSD size (Matsuzaki et al., 2001), such that it is an important parameter for 
synaptic efficacy.  In the present study, the average head diameters of the spine subtypes 
were measured in L2 and L3 ACC neurons. The head diameters of spines were largely 
similar between L3 and L2 apical and basal dendrites (Fig, 24 A, B), except for the 
stubby spines in the L3 apical dendritic arbor which were significantly larger than in L2 
(Fig. 24 A). Sholl analysis on the diameters of spines on the apical and basal spines 
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showed that spine head diameter did not change dramatically along the dendrites for both 
L2 and L3 neurons (Fig. 24 C, D). 
 
 
Figure 24. Spine head diameter analyses. A) Bar graphs show average spine head 
diameter for each spine subtype in apical (left) and basal (right) dendritic arbors. B) Sholl 
analyses of the spine head diameter in apical (left) and basal (right) dendritic arbors. 
*p<0.05.  
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DISCUSSION 
The present study investigated the detailed dendritic morphological features of L2 
and L3 pyramidal neurons in the rhesus monkey ACC. The dendrites of layer 3 ACC 
neurons were more complex than layer 2 neurons, as they had dendrites with longer total 
dendritic lengths, more branch points and dendritic segments, spanning larger convex 
hull volumes. This difference in total dendritic morphology was mainly due to the apical 
dendrites. The neurons in these two layers have largely similar basal dendritic arbors, but 
relatively different apical dendritic arbors, in terms of the dendritic length, the convex 
hull volume, and the vertical extent. L3 neurons had more dendritic branches than L2, 
showing greater dendritic branching complexity. The L3 neurons have more spines in the 
middle and distal thirds of the dendrites than L2 neurons. The electrophysiological 
properties were similar between L2 and L3 neurons.  
 
Similar basal dendritic arbors of L2 and L3 ACC pyramidal neurons 
There was no significant difference between the basal dendritic arbors of L2 and 
L3 neurons in terms of dendritic length and convex hull volume. Thus the dendritic 
density of the basal dendritic arbors in L2 and L3 neurons were similar (Fig. 15 A right 
panel).  However, the difference in the soma-pia distance suggests that basal dendritic 
arbors of L2 and L3 neurons span distinct layers (Larkman & Mason, 1990). The average 
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vertical extent of the L3 basal dendrites was ~351 µm and the average soma-pia distance 
of the L3 neurons was ~401µm. The estimated distance from the pial surface to the 
L3-L4 border is ~700 µm (Fig. 3 B), which is comparable to previous studies (Barbas & 
Pandya, 1989). Thus, L3 basal dendritic arbors can extend into the deeper L3 or even 
layer 4 in the ACC region (Gilbert, 1983). On the other hand, the average vertical extent 
of the basal dendritic arbor in L2 was ~231 µm and the soma-pia distance was ~288 µm, 
which suggest that L2 basal arbors are relatively constrained in the upper layers of the 
ACC, namely L2 and upper L3. In this case, the basal arbors of the L3 may play an 
important role in sampling the inputs from deeper layers, for example the thalamic inputs 
(Giguere & Goldman-Rakic, 1988; Somogyi et al., 1998), while the basal arbors of the 
L2 ACC neurons may sample inputs that terminate in the upper layers such as from 
amygdala (Barbas et al., 2011) (Fig. 25).  
 
Distinct apical dendritic arbors of L2 and L3 ACC pyramidal neurons 
In contrast to the relatively similar basal dendrites, the apical dendritic arbors 
have shown significant differences between L2 and L3 ACC pyramidal neurons in terms 
of dendritic length and vertical extent (Fig. 7 A, Fig. 15 A, Table. 2). The apical dendrite 
can be divided into sub-compartments: the apical tuft and the apical trunk and oblique 
branches (without tufts) (Larkman, 1991; Ito et al., 1998). Further analyses of these 
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apical compartments (Larkman, 1991; Ito et al., 1998) showed that the difference of 
apical dendrites length was mainly because of the apical trunk and oblique dendrites 
without apical tufts (Fig. 7 B). Interestingly, the density of dendritic arbors displayed no 
significant difference between L2 and L3 in either apical tufts or apical trunk/oblique 
branches. This may due to the following reasons: 1). The apical dendritic morphology 
varies largely across ACC pyramidal neurons (Ito et al., 1998), so that the criteria to 
determine apical tufts cannot fit for all the neurons, especially for those L3 neurons (Fig. 
4). 2). The apical tufts were larger in L3 than in L2. 3). The apical trunk and oblique 
dendrites (without tufts) were larger in L3 than L2. Unfortunately, the latter two 
possibilities cannot be ruled out as the convex hull analyses of both apical compartments 
didn’t shown any significant difference (Fig. 15 C left panel). This may due to the small 
sampling size. Further study should increase the number of the reconstructed neurons to 
investigate this issue.  
 
Clustered branching at proximal basal dendrites 
The Sholl analyses of the dendritic branching points have shown an interesting 
pattern for both L2 and L3 pyramidal neurons in basal arbors (Fig. 12 C). The branching 
points were clustered near the proximal third of the basal dendritic arbors; however, the 
apical dendritic arbors did not display the same pattern (Fig. 25). The clustering pattern 
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and number of the branching points in basal dendrites of ACC neurons (L2, 6±3; L3, 
34±10) shown here is consistent with previous studies on the basal dendrites of the ACC 
and posterior cingulate cortex, primary visual cortex and inferior-temporal cortex (Elston 
et al., 2005). Computational studies have proposed that this early branching trend in basal 
dendritic arbor might help pyramidal neurons create the largest number of 
quasi-independent electrophysiological subunits/compartments within minimum dendritic 
length (Poirazi & Mel, 2001; Ferrante et al., 2013).  
 
Increased dendritic complexity in L3 versus L2 ACC pyramidal neurons 
Layer 3 ACC pyramidal neurons have more branching points (Fig. 13) and more 
segments (Fig. 11 E) than L2 pyramidal neurons. The Sholl analyses revealed that this 
difference was depended on the middle and distal third of the dendritic arbors (Fig. 12). 
As the branching pattern influences the classification of the potential processing 
compartments in pyramidal neurons, so that the more branched cells might have greater 
functional capability. In other words, the pyramidal neurons forming more branches 
could be more complex than those with less branches (Elston, 2003). In this case, L3 
neurons in ACC might capable of integrating more information in the middle and distal 
third of the dendritic arbors for more complex neuronal processing than L2 neurons. 
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Higher number of spines in L3 than L2 apical dendritic arbors 
Spine number was significantly higher in apical dendritic arbors of L3 ACC 
neurons than in L2 (Fig. 16 B). Even though there was no significant difference of spine 
number in total dendritic arbors, the p value was 0.06, which could be considered as a 
trend towards a difference. However, the spine number in basal dendritic arbors was 
similar between L2 and L3 neurons (p=0.15). Sholl analysis is consistent with this 
analysis revealed that the spine number in apical dendritic arbors was higher in middle 
and proximal third of the L3 neurons than L2 neurons (Fig. 17 A, B). Since the spines are 
the principle excitatory recipients of pyramidal neurons (Arellano et al., 2007; 
Benavides-Piccione et al., 2013), the spine number may indicate the amount of excitatory 
inputs a certain pyramidal neuron could integrate. In the middle and distal apical 
dendritic arbors the L3 neurons could receive more excitatory inputs than L2 neurons. 
Thus the L3 neuron might be able to receive more apical excitatory inputs from upper 
layers in ACC than L2 neurons. Interestingly, the density of spines along the apical and 
basal dendritic arbors was similar between L2 and L3 (Fig. 16 and 25). Thus the 
additional excitatory inputs sampled in L3 ACC neurons may not use linear and temporal 
summation to process those inputs (Yuste, 2011). On the other hand, the dendritic 
complexity was also increased in the distal dendritic arbor in L3 neurons than L2 
neurons, as discussed above. In this case, the additional excitatory inputs sampled in the 
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middle and distal dendritic arbors can allow processing of independent subunits for more 
complex integrations in L3 neurons.    
 
The spine head diameters were similar across the dendritic arbors of L2 and L3 
neurons 
Depending on head diameter and length of the neck, the spines can be divided 
into thin, mushroom, stubby, and filipodia. Sholl analyses have shown that thin, 
mushroom, stubby spines have higher numbers in L3 neurons in the distal dendritic 
arbors than L2 neurons (Fig. 20) and this difference may largely due to the difference in 
apical dendritic arbors (Fig. 23). Thus, the L3 neurons might be able to receive more 
inputs from the upper layer in ACC using all subtypes of spines expect filipodia.  
The spine head diameter remained the same across the whole dendritic arbors of 
both L2 and L3 neurons (Fig. 24). Since the synaptic efficacy and stability are strongly 
correlated with the spine size, it seems that local synaptic efficacy was similar through 
the whole dendritic arbors of L2 and L3 ACC pyramidal neurons (Nimchinsky et al., 
2002). Moreover, the head diameter of spines was similar when comparing between L2 
and L3 neurons. Thus, the additional excitatory inputs received in upper layers of ACC 
by L3 neurons may have the similar local synaptic efficacy between L2.  However, 
since the dendritic length and dendritic complexity was different between L2 and L3 
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neurons as discussed above, the effects of dendritic integration between L2 and L3 might 
be different. For example, according to the cable theory, if inputs received at the same 
distance from soma on both L2 and L3 apical dendrites, the signal might be diminished 
more when arriving at L3 soma than L2 soma (Rall, 1967).  
 
Figure 25. Scheme of the distinct morphological features of L2 and L3 neurons. The 
basal dendrites of L2 and L3 have the similar morphological properties but extend into 
different layers. Both L2 and L3 basal dendritic arbors tend to branch near soma. The 
spine density in the apical dendrites is similar but the number is different. The red dots 
represent the branching points. The purple lollipops represent spines (~45). 
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Conclusions and future directions 
The present data reveal the detailed morphological features of pyramidal neurons 
in L2 and L3 ACC region. But due to the limited number of the reconstructed neurons, 
some differences between L2 and L3 neurons that showed a trend failed to reach 
statistical significance. Thus, future studies to increase the sampling size should be 
conducted. Moreover, as discussed above, the branching patterns of the apical tufts in L3 
pyramidal neurons were not uniform, for example one of the L3 neurons showed two 
apical tufts. It will be interesting to investigate the dendritic arborization and spine 
distribution of the apical tufts, apical trunk and apical oblique dendrites individually. 
Comparing those data can provide the more conclusive evidence about whether the apical 
tufts or the apical trunk lead to the difference in apical dendrites in the present study. 
Finally, neural tract-tracing and ultrastructural studies should be performed in the 
different layers of the ACC to investigate the density and features of identified excitatory 
and inhibitory synapses in each layer. This synaptic information can shed light on the 
question of whether L2 and L3 ACC pyramidal neurons receive different laminar inputs.  
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APPENDIX 
 
 
Figure S1.Bar graph of the dendritic length of the apical and basal dendritic arbors. 
 
 
Figure S2. Spine subtype density third analyses. A) Sholl analyses for each subtype 
density in proximal, middle and distal thirds of the apical dendritic arbors. B and C the 
same as in A, but plots show the spines in basal and total dendritic arbors respectively. 
*p<0.05.
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